In this SBIR Phase I program, we have successfully completed the fabrication of Sic -based hydrogen selective membranes suitable for use as a membrane reactor for steammethane reforming applications. Hydrothermal stability was performed to demonstrate the stability of the membrane for -50 hours under the proposed reforming condition. In addition, several mechanistic study was conducted to elucidate the Sic membrane formation mechanism. This understanding will facilitate membrane optimization work to be proposed for the Phase I1 study. The reaction study was postponed to Phase 11.
1.

INTRODUCTION/BACKGROUND
The catalytic membrane reactor (MR) concept has been actively investigated over the past decade for improving the efficiency of dehydrogenation, hydrogenation, oxidation, and other major industrial catalytic reaction processes. Although this technology could potentially offer a quantum leap in the field of reaction engineering, no commercial progress has been made in this area yet. One of the major barriers is the lack of a membrane product possessing the required material stability suitable for these applications. For most dehydrogenation applications, a hydrogen selective membrane with a hydrothermal and chemical stability is a must. Through our in-house R&D, an innovative membrane with such a property has been developed [2] recently. Thus, we believe that the time is ripe for us to revisit the MR concept and harvest the immense effort invested by the US government and private sector in the past decade.
In this SBIR Phase 1 project, we focus on methane steam reforming (SMR) as an application candidate for demonstrating the MR technology. Hydrogen production via steam ref0 rming of methane is widely practiced in the refinery and chemical industries. In addition SMR is being seriously investigated as a technology for hydrogen fuel production in advanced fuel cell systems. The standard SMR process is extremely expensive because of the requirements of (i) high reaction temperatures (800 to 9OO0C), (ii) steam in excess of the stoichiometric requirement to improve yield in the equilibrium limited reaction, and (iii) a post water-gas shift reactor. Using an MR SMR can be carried out at lower temperatures, 450 to 600°C [7], excess steam is much reduced or not required, and the shift converter can be eliminated. For these reasons, the introduction of MR technology will dramatically lower the H2 production cost and facilitate wider use of he1 cell technology.
In addition the proposed hydrogen selective membrane as an MR can improve the efficiency and overcome the environmental challenges of power generation. In the case of coakbased power plant hydrogen production, purification, and utilization [lo] MR has been proposed to meet these objectives. Advanced high temperature hydrogen permselective membrane-based reactor technologies show one of the greatest promises for technology leaps in this area.
In summary, a hydrothermally and chemically stable hydrogen selective membrane could play a pivotal role in moving MR technology to commercial reality. We have successfully fabricated a hydrogen selective Sic -based membrane with the required stability. In this Phase I program, we have prepared a series of S i c membranes suitable for the proposed application. Further, we demonstrate the stability of this membrane as a catalytic membrane reactor (MR) for hydrogen production via methane steam reforming reaction (SMR). No reaction study has been performed due to the shortage of time. 
ANTICIPATED BENEFITS
The use of the hydrothermally stable here can overcome the key technical barriers preventing the implementation of the MR technology in SMR and dehydrogenation applications. Nontechnical benefits anticipated from this proposed program are presented below in terms of the commercial, economical, and social/environmental impact:
selective membrane for reactive separation as proposed Commercial The application selected in this SBIR program, hydrogen production through SMR, is ideally suited to showcase this new process technology, particularly to commercial interests in smallscale hydrogen production for fuel cell and environmental applications. The introduction of a new process technology, particularly reactive separations, requires a combination of favorable factors to facilitate commercialization. These factors include suitable application candidate, ease of implementation, and highly favorable economic impact. The proposed SMR coupled with MR meets these criteria because (i) the feed stream is at high pressure; (ii) the product stream pressure required is considered low, particularly for fuel cell applications, and can be delivered via the permeate without compression; (iii) the relative simplicity of the reactions; and (iv) the low heat transfer demand because the reforming (endothermic) and water gas shift (exothermic) reactions are combined. Once proven on a small scale, three areas of general commercial applicability are immediately apparent, namely, (i) large scale methane reforming in the CPI and coal gasification, (ii) dehydrogenation reactions in which steam is present such as ethyl benzene to styrene [ 131 or alkali chemicals are present, such as propane to propylene [ 151, and (iii) dehydrogenation reactions at an extremely high temperature such as &S decomposition at -1,OOO"C [14].
Economical
Presently no economical, small to medium sized, onsite hydrogen production technology is available. The introduction of membram-based reactive separation technology will permit economical generation of hydrogen on this scale. The successful development of the proposed membrane, resistant to both steam and chemicals, can offer significant savings for large-scale hydrogen production and dehydrogenation reactions. Hydrogen is widely used in the oil refinery, petrochemical and other industries. Estimated savings through implementation of the proposed reactive separations are well over $1 billiodyr based upon our estimate. In summary this technology breakthrough could achieve tremendous savings in domestic chemical production and further improve US competitiveness.
Social/Environmental
Hydrogen is considered the clean fuel choice of the future. Use of hydrogen can facilitate the recovery and sequestration of C02 for green house gas management [ 1 11. Future trends in power generation, specifically fuel supply to IGCC from coal and natural gas sources, will involve reforming to hydrogen to achieve lower NO, emissions and C02 control in addition to improving power generation efficiency [ 101. Besides, several renewal energy concepts are proposed based upon steam reforming of biomass or waste materials. Therefore, an efficient and compact reforming technology coupled with membrane-based reactive separations will play a key role in supplying environmentally friendly energy in the US. In addition, fuel cells are more energy efficient and produce lower emissions of SO, and NO, than conventional combustion technology for power generation for both mobile and stationary applications. Although fuel cell technology is commercially available, a number of technical hurdles must be overcome to improve performance, certainly not the least of which is economical generation of fuel.
The above key benefits support this SBIR program, use of a hydrothermally and chemically stable hydrogen selective S i c membrane for methane steam reforming (SMR), to advance the reactive separation process. We believe that this proposed project could play a pivotal role in turning the present laboratory novelty into process reality in the near future.
TECHNICAL OBJECTIVES
Our primary objective is to use a Sic -based H2 permselective membrane (available from us) as a catalytic membrane reactor (MR) for implementing the reactive separations concept in a selected example, methane steam reforming (SMR). Key specific technical objectives are listed below:
1) Documenting the hydrogen permselectivity over CO, C02, C&, and other light hydrocarbons as a function of temperature in the SMR environment; 2) Evaluating hydrothermal and chemical stability of the proposed S i c membrane under SMR environment; 3 ) Conducting benckscale reactive separation studies on methane steam reforming and further quantitatively determining the technical benefits offered by the proposed concept; 4) Conducting preliminary economic analyses to determine the economic benefit offered by the proposed technology for SMR applications.
Objectives 1) & 2) have been accomplished in this Phase I study. Objectives 3 ) & 4) remain to be completed due to the time shortage. Figure l a and lb. Since no deposition of an additional layer on top of the support is indicated, deposition of the Sic occurs inside the top layer of the support. According to our previous experience [5, 12] , an extremely thin film was deposited, estimated at less than 1.5pm based upon EDAX mapping. Accordingly, no thermal mismatch has been observed by us during cyclic heating and cooling. Further the CVD/I technique is currently practicing by us for full-scale membrane fabrication.
PHASE I ACCOMPLISHMENTS
An unsupported S i c thin film was prepared under a similar condition for surface characterization purposes. Figure 2 confirms the formation of S i c according to the XRD analysis of the produced unsupported film. Crystalline S i c peaks are evident in the samples calcined at 1,200 and 1,400"C. Although the sample calcined at 1,OOO"C did not exhibit Sic peaks, it is believed that amorphous Sic is present at this temperature as indicated by the peak at the low angle. Literature studies using the same precursor for the CVD/I confirm the formation of S i c at -1,OOO"C [6,8] based upon XPS analysis. In short the formation of Sic via the CVD/I technique is evident. The helium' permeance ranges from 0.65 to 5.2 m /m h h a r with a Hem2 selectivity of 3 to 85 at 600 "C. ' He was used as a simulate gas to hydrogen. Our past experience has verified the validity of this simulant gas for the microporous H2 selective ceramic membrane. CHq are similar to N2 so that Hem2 represents a good surrogate gas mixture for evaluating this membrane. In summary, S i c formation via the CVD/I technique was confirmed and the permselectivity was found to be adequate for the proposed SMR reaction.
-
Methodology for Preparing S i c Membranes
Our in-house study has identified a practical approach for preparing a porous S i c membrane based upon the technical basis derived from the unsupported film discussed in Sec. 4.1. Using our existing AhOj porous ceramic membrane (see Figure 1) as a substrate (effective layer thickness is 3 to 5um, and pore size is -1OOA after pre-calcination at lOOO"C), we have been able to form a porous SIC thin film via the three-step protocol below:
Step 1 A precursor membrane containing Si/C can be deposited within the existing porous ceramic membrane substrate via a chemical vapor depositiodinfiltration (CVD/I) technique. The precursor selected here is triisopropyl silane (TPS). The CVD/I temperature is 700°C. The precursor membrane is believed to be embeded within the top surface of the substrate. Its effective thickness is -1p.m. An extensive morphological characterization has been performed for a similar system, S i 0 2 membrane (via a similar CVD/I technique), which is presented in Figure 1 to support our layer thickness estimation.
1
Deposition of SUC Precursor Membrane.
Step 2 The precursor membrane is then converted to a Sic membrane via calcination at -1000°C. XRD characterization of the lpnsupported film shows the presence of amorphosus S i c as discussed in Sec. 4. $ . Obviously some residual carbon and silicon remain as expected. Along with conversion, we also found the densification of the membrane structure as indicated by the He and N2 permenace reduction with temperature increase shown in Table 3 . For example, He permeance was reduced from 2.46 m3/m2/hr/bar at 700°C to 1.73 m3/m2/hr(bar at IOOO"C, and then 0.621 m3/m2/hr/bar during cooling down at 700°C of TPS-1138C. Their >Knudsen selectivity of Hem2 indicates that the thin membrane deposited remains intact after the conversion.
Step 3 In this step, excess carbon is removed thirough the carbon steam activation at 700°C. Activation opens additional microporous volume as evidenced by the significant increase in helium permeance while minor change in nitrogen as shown in Table 3 . For example, He permeance increases from 0.61 to 5.64 and its He selectivity increases from 14 to 91 at 700°C after steam activation for TPS-138C. The presence of the S i c membrane is obvious because the resultant membrane appears black color even after oxidation or steam exposure.
Conversion of S X t o SiCMembrane.
Porous Structure Development via Removal of Residual Carbon,
In summary, our experience thus far has shown that a synthesis approach has been established to develop a microporous Sic membrane with hydrogen selectivity. 
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In summary, during this Phase I study, we have performed a methodical study to identify the three-step mechanism involved in the preparation of a supported Sic membrane. This understanding will facilitate our Phase I1 study to optimize the product development.
-4.3
Hvdrothermal Stabilitv of Hydrogen Selective S i c Membrane
Our in-house evaluation of the thermal and hydrothermal stability of the porous Sic membrane is briefly presented below:
Thermal Stability. According to our past experience with the S i 0 2 hydrogen selective membrane, thermal stability of thin films produced via CVDA is in general excellent [3] . The Sic membrane was prepared at a much higher temperature (>l,OOO"C) and is thus expected to be thermally stable at the proposed application temperature (300 to 500°C). Therefore only very brief, about 20 hours, experimental work was conducted to demonstrate its stability. Since the Sic membrane has demonstrated the hydrothermal stability (see below), its thermal stability is considered given. No additional work in Phase I is planned in this specific area.
Hydrothermal Stability.
The Sic membranes prepared in this study have demonstrated their hydrothermal stability. Figure 4 indicates that the Sic membranes are stable during a nearly 30 hour test at 300 to 400°C and 1 to 3 bar steam. This harsh testing condition, Le., high steam pressure, was selected to simulate the steam partial pressure present (nearly stochiometric steam/CO ratio) in the water-gas-shift (WGS) reaction using a membrane reactor. As a comparison, the Si02 membrane prepared via CVD/I lost ca. 60% of its permeance in the first few hours of a similar test at 600°C but a much lower steam pressure (Le., 0.2 bar) as shown in one of our previous studies [12] .
According to thermodynamics, the surface area of metal oxides is dependent on steam pressure at a given temperature. Thus, it is expected that the degradation would be much worse under a high steam partial pressure condition. The hydrothermal stability at 3 bar . -. . of steam demonstrated by the proposed Sic membrane offers unusual material stability strength for the proposed application.
Thermal Cycling.
The above hydrothermal stability test was performed in a 2 -9 hour/cycle; thus, the test results shown in Figure 5 in fact underwent thermal cycling of 8 times from room to 300 -400°C. Thus, we conclude that the Sic membrane is robust and can endure the thermal cycling without degradation.
In summary the thermal and hydrothermal stability and the thermal cycling tests conclude that the porous SIC hydrogen selective membranes prepared by us demonstrate an adequate hydrothermal stability under the condition simulating the hydrogen separation for hydrogen production . . 
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